Introduction
Since the invention of air-segmented continuous flow analysis by Skeggs, 1 various flow-based methods, such as flow injection analysis 2 and sequential injection analysis, 3 have been developed for automatic continuous analyses. These methods have been extensively applied to environmental and clinical analyses and to process monitoring because of their excellent advantages in precision, sample throughput, costs, and compatibility with computers compared to conventional batch methods. Recently, one of the authors (H. T.) 4, 5 proposed feedback-based flow ratiometry, a new concept of flow analysis, for continuous on-line true titration. In this method, the flow rate ratio of titrand and titrant was varied in a triangular wave fashion. Information of interest (i.e., the equivalence point) was obtained by analyzing the relationship between the ratio and the analytical signal. More recently, the method was further improved with respect to throughput rate (maximally, 34 determinations/min) through the introduction of a fixed triangular wave control approach for faster and narrower-ranged scans. [6] [7] [8] These approaches brought us a new concept of flow analysis that utilized the principles of communication using waves (i.e., modulation, multiplexing, demodulation, etc.). We named the method amplitude-modulated multiplexed flow analysis (AMMFA) and published details in a previous paper. 9 The flow rates of sample solutions to be mixed are varied with periodic control signals having different frequencies. Information on analytes in the samples is thus amplitude-modulated. Plural pieces of information multiplexed through the merging of the solutions can be deconvoluted by frequency analysis. Fast Fourier transform (FFT), which converts analytical signals from time domain to frequency domain, is used to obtain the amplitudes of wave components of interest.
In the field of analytical chemistry, amplitude modulation techniques have mainly been used for the differentiation of the signal of interest from other signals and/or background noises. In modulated differential scanning calorimetry, 10 for example, a sinusoidal temperature ripple is overlaid on usual linear temperature ramp. Thus, transitions depending on heating rate (reversing process) and on temperature (non-reversing process) can be differentiated. Boehm et al. 11 reported pressure-modulated differential scanning calorimetry for measuring heat capacities and expansion coefficients. Loewe and Baltruschat 12 introduced pressure modulation to cyclic voltammetry in order to measure pressure-dependent kinetic and thermodynamic quantities. Wagatsuma et al. [13] [14] [15] [16] reported a glow discharge optical emission spectrometry with voltage modulation technique for the improvement of sensitivity.
In contrast with the above-referred approaches, the main role of the amplitude modulation of AMMFA is the multiplexing of 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Analytical conditions of amplitude-modulated multiplexed flow analysis, the basic concept of which was recently proposed by our group, are investigated for higher sample throughput rate. The performance of the improved system is evaluated by applying it to the determination of chloride ions. The flow rates of two sample solutions are independently varied in accordance with sinusoidal voltage signals, each having different frequency. The solutions are merged with a reagent solution and/or a diluent, while the total flow rate is held constant. Downstream, the analytical signal Vd is monitored with a spectrophotometer. The Vd shows a complicated profile resulting from amplitude modulated and multiplexed information on the two samples. The Vd can, however, be deconvoluted to the contribution of each sample through fast Fourier transform (FFT). The amplitudes of the separated wave components are closely related to the concentrations of the analytes in the samples. By moving the window for FFT analysis with time, a temporal profile of the amplitudes can be obtained in real-time. Analytical conditions such as modulation period and system configuration have been optimized using aqueous solutions of Malachite Green (MG). Adequate amplitudes are obtained at the period of as low as 5 s. At this period, the calibration curve for the MG concentration of 0 -30 μmol dm -3 has enough linearity (r 2 = 0.999) and the limit of detection (3.3σ) is 1.3 μmol dm -3 ; the relative standard deviation of repeated measurements (CMG = 15 μmol dm -3 , n = 10) is 2.4%. The developed system has been applied to the determination of chloride ions by a mercury(II) thiocyanate method. The system can adequately follow the changes in analyte concentration. The recoveries of chloride ion spiked in real water samples (river and tap water) are satisfactory, around 100%. information so that it can be deconvoluted after the detection. Thus, AMMFA can perform simultaneous analysis/determination of multiplex samples/analytes using a rather simple flow system with a single detector. We have found, however, room for improvement especially in sensitivity and sample throughput rate. That is, sensitivity will be improved if amplitude damping through the dispersion in flow system can be suppressed. As for the latter, the throughput rate is limited by the length of the FFT window (60 s in the previous study), 9 because the sample composition should be invariable within the range of the FFT window. If the length of the window can be decreased, the throughput rate will be increased. In the present study, therefore, higher analytical conditions are further investigated in detail in order to get higher sensitivity and sample throughput rate. Through the optimization of system configuration and analytical parameters, the length of FFT window is decreased to 10 s, meaning 6 times higher sample throughput than in the previous study 9 with reasonable amplitudes. The developed system is evaluated by applying it to the simultaneous determination of chloride ion in two sample solutions. The system can follow the concentration of chloride ion well and the recoveries of the ion from real water samples are satisfactory, around 100%.
Experimental
Flow system Figure 1 shows the flow system used in the present study. For the determination of dye, a three-channel system as drawn by solid lines was employed. Three peristaltic pumps (P1, P2 and P3; Rainin Dynamax RP-1, USA) were used for delivering solutions. Pharmed tubings with 0.51 mm i.d. were used as pump tubes for P1 and P2 and tubing with 0.79 mm i.d. was used for P3. While the total flow rate FT was kept constant at ca. 2.0 cm 3 min -1 using P3, the flow rates (FS1 and FS2) of sample solutions (S1 and S2) were varied in response to the controller output voltages (Vc1 and Vc2, respectively) generated from a signal generator (SG; NF Co., WF1974, Japan). Both the solutions were merged with a diluent d (water) at the confluence point (C; polypropylene joint). The flow rate of the diluent, which was aspirated to the confluence point, was FT -FS1 -FS2. The reason for the constancy of the total flow rate was to keep constant the lag time between the mixing of the three liquids (S1, S2 and d) and the sensing of the mixed solution by a detector (D; Soma Optics, S3250 visible spectrophotometer, Japan). In a Manifold A, the detector was set between the confluence point and P3. In Manifold B, the detector was set at the most downstream position. The mixed solution was led to a specially made quartz flow cell (Soma Optics, 5 mm optical path length) set in the detector and its absorbance was measured with the detector. The output voltage Vd from the detector were quantized by an A/D-D/A converter (Measurement Computing, PC-CARD-DAS16/12-AO, USA), and the resulting digital data were acquired in a computer (PC; Toshiba DynaBook Satellite 1850 SA120C/4, Japan) as a Microsoft Excel format. An in-house program written in Visual BASIC was used to acquire data, analyze them and graphically display the results automatically. For the determination of chloride ion, the fourth channel drawn by broken lines in Fig. 1A was added to the manifold. A reagent solution R was delivered at a constant flow rate (0.7 cm 3 min -1 ) using P4 (the same model as for P1 -P3).
Determination of chloride ion
The determination of chloride ion was carried out by a mercury thiocyanate method. 17 A coloring reagent solution containing 0.002 mol dm -3 Hg(SCN)2 and 0.125 mol dm -3 Fe(NO3)3 was prepared according to the literature. 18 In the color reaction, chloride ions in the sample solution react with Hg(SCN)2 to liberate SCN -, which in turn forms red complex Fe(SCN)2 + in the presence of Fe
3+
. The absorbance of the solution is measured at 480 nm, the maximum absorption wavelength of the complex.
River and tap water samples were sampled from Yoshino River (tidal area) and Tokushima University, respectively. The samples were each filtered with a membrane filter (0.45 μm pore size) and stored in a clean polypropylene bottle in a refrigerator. The samples were diluted with water just before the measurement (1000-fold dilution for the river water and 2-fold dilution for the tap water) in order to adjust the concentration of chloride ion down to the analytical range.
Reagents
Reagents of analytical reagent grade purchased from Kanto Chemicals (Tokyo, Japan), Nacalai Tesque (Kyoto, Japan) or Wako Pure Chemical Industries (Osaka, Japan) were used without further purification. Zartorius Arium 611DI grade deionized water was used throughout.
Principle
The principle of AMMFA was described in detail in the previous paper. 9 Briefly, the flow rates of S1 and S2 to be mixed are varied using periodic control voltages (Vc1 and Vc2, respectively) that oscillate at different frequencies (see Fig. 1 ). Pieces of information (concentration, in this case) on analytes in the samples are each amplitude-modulated. The thus-modulated pieces of information are then multiplexed through the merging of the sample solutions. The analytical signal Vd is of 
where N is the number of the data points for FFT analysis and j the imaginary number. In our program, FFT computation should be finished within one sampling period (typically, 0.3125 s). The value of N was set at 8 by taking the capability of the computer used into account. 9 The temporal profile of amplitudes can be measured in real-time by moving the window for FFT analysis with time.
Results and Discussion

Optimization of analytical conditions
Analytical conditions were optimized in order to increase sample throughput rate while keeping the amplitude as high as possible. The combination of Vc periods that gives a smaller least common multiple is more preferable because the composition of samples to be introduced should be invariable within the range of the FFT window, the length of which is equal to the least common multiple in our system. In order to evaluate the data clearly, we delivered a single sample from the S1 channel; water (diluent) was fed from the other two lines (S2 and d in Fig. 1 ). The length of the FFT window is, therefore, equal to the Vc1 period, in this case. The amplitude of the fundamental wave component of Vd corresponds to the concentration of S1. An aqueous solution of 0.03 mmol dm -3 Malachite Green (MG) was selected as a sample solution.
A shorter Vc period results in a faster change of Vd, which is more difficult for the detector to follow precisely. The effect of the detector response was, therefore, examined in order to follow fast changes in Vd. The detector used in the present study had three options of time constant (Fast, Medium and Slow, corresponding to the time constants of 0.05, 0.5 and 1.5 s, respectively). A lower time constant is suitable to follow the change in Vd when the period of Vc becomes shorter. As expected, the amplitude for MG at the time constant of 0.05 s was increased by factors of 1.14 and of 1.82 from those at 0.5 and 1.5 s, respectively, when the Vc was sinusoidally varied in the range of 0 -5 V with the period of 5 s. Therefore, 0.05 s was selected as the time constant for further experiment.
The physical transit time of the mixed solution from the confluence point to the detector is also a critical factor for the damping of amplitude. The longer the transit time, the more pronounced the dispersion of the sample solution becomes. The dispersion results in the damping of the amplitude of the wave component. In order to shorten the transit time, we investigated the effect of the total flow rate at different Vc periods (i.e., 5 and 10 s); Vc was sinusoidally varied in the range from 0 to 5 V. The total flow rate was varied in the range of 1.0 -3.0 cm 3 min -1 . The Vd would be sinusoidally oscillating from 0 V to a certain voltage, if there was no dispersion. The extent of the damping can, therefore, be estimated from the damping coefficient D that is defined by Eq. 
A lower D value is preferable in order to get a higher sensitivity. Figure 2 shows the effect of the total flow rate on D at the Vc period of 5 (circles) and 10 (squares) s. Closed and open symbols mean the data obtained from Manifolds A and B, respectively; the effect of such difference in the manifolds will be discussed in the following paragraph. The D was found to decrease with the total flow rate and then increased after taking the minimum at the flow rate of 2.0 cm 3 min -1 irrespective of the Vc period. The decrease in D with the increase of the total flow rate in the range lower than 2.0 cm 3 min -1 is attributed mainly to the decrease in the physical transit time of the mixed solution from the confluence point to the detector. That is, the dispersion of sample becomes less with the decrease of the transit time. On the other hand, in the range of total flow rate higher than 2.0 cm 3 min -1 , the residence time of the solution in the optical window of the flow cell became too short for the detector to follow transient absorbance precisely. That is, the smoothing or averaging of instantaneous Vd signals became more pronounced in this range.
The location of the P3 pump was examined by setting it at the post-and pre-detector positions (Manifolds A and B in Fig. 1,  respectively) . Lower D values were obtained with Manifold A than with B. Two factors are considered to contribute to this result. One is that Manifold A can give shorter transit time from the mixing of solutions to the detection than Manifold B. The other is that Manifold A can avoid the active mixing of solutions by the pump rollers before the detection. Consequently, 2.0 cm 3 min -1 of the total flow rate and Manifold A were selected.
A shorter period of Vc is favorable in order to narrow the FFT window, and hence to increase sample throughput because the concentration of sample to be delivered should be invariable during the length of a single FFT window, as described above. If the period is too short, however, the detector cannot follow rapid changes in absorbance, resulting in the decline of the amplitude. The effect of the period of control voltage signal Fig. 3B . In the present study, however, the combination of 5 and 10 s was typically selected as Vc periods by taking the priority of sample throughput over sensitivity into consideration. It should be noted, however, adequate amplitudes (56 -83% of that at the Vc period longer than 30 s) were obtained even at the period of 5 -10 s.
Analytical performance
Under the analytical conditions optimized above, calibration curves of Malachite Green (MG) were constructed in the range of 0 -0.03 mmol dm 
where CMG is the concentration of MG in the standard solutions. The linearity of the calibration curves was satisfactory, with r 2 > 0.9986, and the limits of detection (3.3σ) were lower than 2.1 μmol dm -3 .
Relative standard deviations of repeated measurements (n = 10) for 0.015 mmol dm -3 MG at the Vc periods of 5 and 10 s were 2.4 and 1.8%, respectively.
Simultaneous analysis of two samples
The developed system was applied to the analysis of two samples. The concentration of MG in S1 was changed stepwise from 0 through 3.75, 7.5, 11.25 to 15 μmol dm -3 and that of S2 was done in the reverse order for S1. The periods of Vc1 and Vc2 were 5 and 10 s, respectively. The amplitude (peak-to-peak voltage) of both control signals are 5 V (0 -5 V). In this case, 10 s is the length of the FFT window. The sampling frequency was 3.2 Hz, which corresponds to 32 (= 2 5 ) data acquisitions per 10 s. Eight (= 2 3 ) data in the 10 s (i.e., every fourth 8 point set) are used for FFT calculations. The amplitudes of the second and the fundamental wave components (A2nd (= 2X2) and A1st (= 2X1), respectively) correspond, therefore, to the concentration of MG in S1 and S2, respectively. FFT calculations were carried out every 1.875 s (= every sixth acquisition of the data) using a new set of 8 data. Results confirmed that the present system could follow the concentration changes (data are not shown here, but refer to Figs. 4 and 5, where similar measurements were carried out for the determination of chloride ions). The calibration curves for the two samples were simultaneously obtained as follows, A2nd = 30.899CS1 + 0.008, for S1,
A1st = 46.035CS2 + 0.024, for S2.
The linearity (r 2 ) of both equations is satisfactory (0.9962 and 0.9977, respectively). The limit of detection (3.3σ) for the two samples are 1.8 and 1.4 μmol dm -3 . The slope of Eq. (6) is higher than that of Eq. (5). This difference is reasonable (Fig. 4) were used for FFT calculations. DC, direct current component. A1st -A4th, amplitudes of the fundamental, second harmonic, third harmonic and fourth harmonic wave components, respectively. The periods of control signals for sample flow rates were 5 (S1) and 10 s (S2). The amplitudes of the fundamental and second harmonic wave components correspond to the concentrations of the respective samples.
because the damping coefficient depends on the control period, as shown in Fig. 3B .
Application to spectrophotometric determination of chloride ions
The proposed method was applied to the spectrophotometric determination that involves color reaction. In the previous study, 9 an o-phenanthroline method for the determination of ferrous ions was selected as a model color reaction. In the present study, a mercury thiocyanate method for halide ions was examined so as to show the versatility of the method. Figure 4 shows Vd in the simultaneous analysis of two samples that contain chloride ions. The concentration of chloride ion in S1 was changed stepwise from 0 through 5, 10, 15 to 20 mg dm -3 and that of S2 was done in the reverse order for S1 (i.e., from 20 to 0 mg dm -3 ). The periods of Vc1 and Vc2 were 5 and 10 s, respectively. The amplitude (peak-to-peak voltage) of both control signals are 5 V (0 -5 V). The duration time for each sample can theoretically be decreased to as low as 10 s (in the previous study, 9 60 s). However, ca. 100 s was selected by taking a margin into consideration. In our software, the two control signals (Vc1 and Vc2) and their respective derivatives (dVc1/dt and dVc2/dt) were also displayed on the monitor as well as Vd. However, they are not shown in Fig. 4 so as to see Vd easily. It can be seen that Vd exhibits a periodic nature with the period of 10 s, the least common multiple of Vc1 and Vc2 periods. Figure 5 shows the results for the FFT analysis of the data shown in Fig. 4 . The amplitudes of the fundamental and second harmonic wave components (A1st and A2nd, respectively) correspond to the concentrations of S2 and S1, respectively. The amplitudes of the third and the fourth harmonic waves components (A3rd (= 2X3) and A4th (= X4), respectively) are ghost results, because the control signals that had the periods of 3.333 and 2.5 s were not used in this experiment. The magnitude of the direct current (DC) was almost constant throughout the measurement. This constancy is reasonable because the total concentration of S1 and S2 was held constant at 20 mg dm -3 (= 0.564 mmol dm -3 ) throughout the measurement. The amplitudes of the fundamental and the second harmonic wave components were changed stepwise depending on the concentrations of chloride ions in the two samples. The amplitude (A2nd and A1st) for the samples (S1 and S2) were increased linearly with respective concentrations (CS1 and CS2): A2nd = 0.0105CS1 + 0.0191 for S1, r 2 = 0.9965; A1st = 0.0221CS2 + 0.0214 for S2, r 2 = 0.9975. The reason for the difference between these regression lines can be attributed to the dependence of the damping coefficient on the Vc period, as shown in Fig. 3B . The limits of detection (3.3σ) for S1 and S2 are 2.2 and 1.9 mg dm -3 , respectively. The amplitudes in Fig. 5 were disturbed in the region where the concentrations of chloride were changed. This disturbance is due to the assumption of FFT that the signals in the window continue infinitely as periodic signals. The changes in the analyte concentration in these transition regions do not meet this assumption and thus affect the FFT analysis.
In order to show the applicability of the present method (AMMFA) to real samples, we carried out the recovery test of chloride ion using river and tap water samples. Conventional non-segmented continuous flow analysis was also applied as a reference method, where the flow rates of sample, reagent and diluent are held constant at 0.1, 0.2 and 0.4 cm 3 min -1 , respectively. Known amounts of sodium chloride were added to the samples. Thus spiked samples were measured by both AMMFA and the reference method. The obtained results are listed in Table 1 , where the halide ions originally contained in the samples are regarded as chloride ions. The data obtained for the present method agree well with these obtained by the reference method and the recovery is good, around 100%.
Conclusions
We have investigated the analytical parameters of AMMFA precisely. Compared with the previous study, 9 the periods of control voltage signals are shortened to 5 and 10 s from 20 and 30 s. This result means that the sample throughput rate can be increased by a factor of 6, because the length of FFT window is decreased to 10 s from 60 s. The developed system has successfully been applied to the determination of chloride ions.
In our group, a flow rate modulation such as in the present study is being applied to the determination of trace phosphate ion in water samples by coupling with a lock-in detection technique. The results will be published elsewhere. 
